The principal sites of y-aminobutyric acid (GABA) uptake in lobster nerve-muscle preparations have been determined with radioautographic techniques after binding of the amino acid to proteins by aldehyde fixation . Semiquantitative studies showed that about 30% of the radioactive GABA taken into the tissue was bound to protein by fixation . Both light and electron micrographs showed dense accumulations of label over Schwann and connective tissue cell cytoplasm ; muscle was lightly labeled, but axons and terminals were almost devoid of label . The possible role of Schwann and connective tissue cells in the inactivation of GABA released from inhibitory axons is discussed .
INTRODUCTION
Both excitatory and inhibitory neurons directly innervate crustacean skeletal muscle . For this reason, the crustacean nerve-muscle preparation has been extremely valuable for studying the postsynaptic effects of inhibitory nerve stimulation and the interactions between excitatory and inhibitory nerve terminals . The identity and metabolism of the neurotransmitter compounds at these junctions have also been under investigation . Glutamate is the leading candidate for the excitatory transmitter compound (Takeuchi and Takeuchi, 1964) , while its decarboxylation product, y-aminobutyric acid (GABA), is well established as the inhibitory transmitter substance . The evidence presented in support of the transmitter role for GABA includes the demonstration that GABA (a) mimics the physiological action of inhibitory nerve stimulation (Boistel and Fatt, 1958 ; Dudel and Kuffler, 1961 ; Takeuchi and Takeuchi, 1965) , (b) is the most active inhibitory compound found in the lobster nervous system (Kravitz et al ., 1963) , (c) is concentrated in inhibitory neurons (Kravitz and Potter, 1965) , and (d) is selectively released from inhibitory nerves with stimulation (Otsuka et al ., 1966) .
In the search for a possible inactivation mechanism for GABA, it was found that an uptake mechanism existed in lobster nerve-muscle preparations (Iversen and Kravitz, 1968) . The uptake was specific for GABA ; closely related amino acids like glutamate and f3-alanine did not interfere . Preparations concentrated GABA to levels several times those of the medium . Uptake was a saturable process, required Na+, and had an apparent K. of 6 X 10-5 M . When tissues were incubated with GABA-3H the major portion (95%) of the radioactivity taken into tissues remained as GABA 3H after 1 hr of incubation, and no radioactivity was incorporated into protein.
The latter two observations suggested a possible means of localizing the intracellular site or sites of GABA uptake . It was anticipated that, as a THE JOURNAL OF CELL BIOLOGY ß VOLUME 49, 1971 . pages [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] free amino acid, radioactive GABA in the tissue would not survive routine histological procedures . On the other hand, there is an artefact in radioautography reported by Peters and Ashley (1967) in which free amino acids are bound to tissues by fixatives containing glutaraldehyde . The compounds formed survive dehydration and plastic embedding, and can be visualized by both light and electron microscope radioautography .
The present paper is concerned with the use of aldehyde fixation methods to bind GABA-3 H to tissues, and with the localization of the principal sites of GABA uptake .
MATERIALS AND METHODS

Nerve-Muscle Preparation
The superficial flexor muscles from the left and right sides of the second and third abdominal segments of 0.5 kg lobster (Homarus americanus) were dissected along with their exoskeletal attachments and about 1 cm of the nerve bundle innervating them. The muscles are thin (approximately 1 mm in thickness), allowing adequate contact of tissue with the incubaton medium.
Incubation Conditions
Muscles were immersed in 5 or 10 ml of saline medium (containing 460 mm NaC1, 15.6 mM KCI, 26 mm CaC12i 8 .3 MM MgSO4, and 13 mm D-glucose) in individual 20-m1 beakers . GABA-3 H (SA 2 Ci/mmole, New England Nuclear Corp ., Boston, Mass .) was added to the medium in final concentrations ranging from 7 X 10-7 M to 3 .5 X 10-s M . In one experiment, GABA of lower specific activity was used at a concentration of 5 X 10-4 M . GABA-3 H was purified before use by adsorption to and elution from a Dowex-50-H+ column (Dowex Chemical Co ., Midland, Mich .) and passing the recovered material over a Dowex-1 acetate column (see Hall and Kravitz, 1967 for experimental details) . The preparations were incubated at 15-18 ßC with shaking for I hr, or, in long-term incubations, for 7 hr . After incubation, in order to wash GABA-3H from the extracellular spaces, the muscles were shaken in fresh saline medium without GABA-3H for two periods of 10 min each, or for three periods of 30 min each .
Fixation
One muscle of each pair was pinned at about rest length to a Sylgard-containing dish Mich .) , and the 76 THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 fixative was poured over the preparation . Fixation was continued for either 2 or 18 hr . Glutaraldehyde alone, or a variety of mixtures of glutaraldehyde and acrolein (G-A), or glutaraldehyde and paraformaldehyde (G-P) buffered to pH 7.2-7.4 with 0.1 M phosphate (Millonig, 1962) , were used . The best fixation for electron microscopy was achieved with a mixture of 1 % glutaraldehyde and 4% paraformaldehyde (G-P) in phosphate buffer with 5 .7 mm NaCI, 18 mm CaC1 2 , and 90 mm sucrose . This fixative produced a satisfactory binding of GABA-3 H to tissue (see Results), and was used in most experiments . After fixation, the muscles were briefly washed in buffer containing 10% sucrose and dehydrated in a graded methanol series . Muscles used for electron microscopy were postfixed for 2 hr in 2% OS04 in phosphate buffer before dehydration in methanol and embedding in Epon 812 .
Determination of Radioactivity Surviving Fixation and Dehydration
The fixed and dehydrated muscle and the unfixed muscle of each pair were cut from their skeletal attachments, homogenized in 0.4 N perchloric acid, and centrifuged . The supernatant was collected and the precipitate was washed several additional times with 0 .4 N perchloric acid . Samples of the supernatant fraction and precipitates suspended in thixotropic gel (Packard Instrument Co . Inc ., Downers Grove, I11 .) were counted in a liquid scintillation spectrometer . Internal standards were added to correct for quenching. Since uptake into the two muscles of a pair is similar (Iversen and Kravitz, 1968) , binding of GABA 3H by aldehyde fixation was roughly quantitated by determining the ratio of label in the perchloric acid precipitate of the fixed and dehydrated muscle to the total radioactivity in the extract of the unfixed muscle . In two experiments, samples of the fixative and each change of methanol were counted to search for a loss of label during dehydration .
Liquid scintillation measurements of radioactivity were not done on osmium-treated tissue since the osmium interfered with the counting technique. However, the radioautograms of osmicated and nonosmicated tissues were similar, suggesting that label is not lost in large amounts during postosmication .
Radioautography
LIGHT MICROSCOPY . Pieces of GABA-3 H treated muscle that had been fixed in aldehydes, with or without postosmication, were dehydrated and embedded in Epon 812 . Sections 1 or 2 u thick were cut with glass knives on a Porter-Blum MT-2 ultramicrotome, and mounted on glass slides . They were dipped into melted Ilford L4 Nuclear Research emulsion (Ilford, Ltd ., Ilford, Essex, England) diluted 1 : 1 with water, dried, and kept in lighttight boxes at room temperature for 2 days-2 wk . After exposure they were developed with Dektol (Eastman Kodak Co., Rochester, N .Y.) and fixed in Kodak acid fixer . In addition, some were stained with 0 .1 0 % toluidine blue in 1 % Borax .
ELECTRON MICROSCOPY . Sections showing silver to pale gold interference colors were dried on collodion-coated slides which were then dipped into Ilford L4 emulsion. After a 10 day-4 wk exposure, the radioautograms were developed with Kodak Microdol X and fixed in acid fixer . The collodion films were stripped from the slides on distilled water and the tissue sections were picked up on copper grids . After staining with lead citrate (Venable and Coggeshall, 1965 ) the radioautograms were studied in a Philips 200 electron microscope .
Electrophoresis of Products of Mixtures of
Fixative, Radioactive GABA-H3 and Serum Albumin I ßl of GABA-3 H (SA 2Ci/mmole) containing I tCi of isotope was mixed with 1 Al of serum albumin (10 mg/ml) and 10 Al of G-P fixative (see above) in various combinations (see Fig . 1 ) . As soon as TABLE I GABA 3H Uptake and Binding to Tissue by Fixative possible after mixing, I Al samples were removed and spotted in the middle of strips of electrophoresis paper prewet with formate :acetate buffer at pH 1 .9. Electrophoresis was performed at room temperature in a Durrum cell (Beckman Instruments, Inc ., Fullerton, Calif.) at 250 v for 1 .5 hr. The total elapsed time between the mixing of the samples and the start of electrophoresis was about 2 min . Radioactive strips were examined in a Packard Radiochromatogram Scanner.
Radioautography of Frozen-Dried Sections
A few control studies were carried out with unfixed cryostat sections (cut at -55 " C), 5 ß thick, of radioactive tissue . The sections were dried by cryosorption pumping, attached to emulsion-coated slides, and processed according to the method of Stumpf and Roth (1966) .
RESULTS
Binding of GABA 3H to Tissue by Fixatives
In muscles incubated in GABA "H without subsequent glutaraldehyde fixation, all of the label was recovered in the supernatant of a perchloric acid extraction ; none precipitated with the proteins . After fixation and dehydration, however, Muscles R 1-R 4 were incubated 2 hr in 5 ml saline containing GABA3H . (Pairs 1 and 2 received 1 .55 X 107 dpm ; pairs 3, 4, and 5 received 3 .9 X 107 dpm) . After washing 20 min in saline without GABA 3H, they were homogenized in 0.4 N perchloric acid and the extracts were counted . Results are in disintegrations per minute (dpm) . Muscles L 1-L 4, the pairs of R 1-R 4, were incubated and washed in the same way . They were then fixed and dehydrated, homogenized in perchloric acid, and the protein precipitate was counted . * L 5 was incubated 2 hr in saline without GABA3H, placed in G-P fixative, and GABA-3 H was addcd . After a 2 hr fixation, the tissue was dehydrated and homogenized in perchloric acid ; the precipitate was counted . Its pair was not available for control, but it is compared with the other control muscles, R l-R 4 . L 5 * G-P fix then add GABA 5 .3 X 103 -1 a portion of the radioactive material was bound to protein . Table I shows data from representative experiments in which muscles were fixed in glutaraldehyde-containing mixtures for various time periods. The unfixed muscle from the other side of the body was used as a control to measure the total tissue uptake of labeled GABA (see Materials and Methods) . In the fixed and dehydrated tissue, 25-31 ô of the total isotope taken up during incubation was bound to the protein fraction . Of the radioactivity that was lost, 70-90% was found in the fixative and the first rinses of buffer and in the 25% methanol solution ; progressively smaller amounts were found in the series of increasing concentrations of methanol . One muscle (L-5 in Table I ) was incubated for 2 hr in saline without labeled amino acid ; then G-P fixative was added and was followed by radioactive GABA . Only 2-10% as much radioactive material was bound to the tissue by this procedure compared to the isotope bound in tissues preloaded with isotope .
Preliminary Kinetics of the GABA Reaction with Fixative and Binding to Protein A model system was studied, involving GABA-3 H, serum albumin, and G-P fixative in a variety of combinations. A sample of each incubation mixture was separated by electrophoresis as quickly after mixing as possible . Protein had no ORIGIN FIGURE 1 Electrophoresis of GABA-3 H mixed with serum albumin (A), with G-P fixative (B), and with G-P fixative and serum albumin (C) . In Fig. 1 D, GABA 3H was mixed with G-P fixative, and after 10 min serum albumin was added . See text for explanation of results . Scale is 3000 epm. e FIGURES 2 and 3 Light microscope radioautograms of GABA 3H uptake in lobster muscle . The focus is on the silver grains lying over the tissue . The muscle is lightly labeled . Most of the silver grains lie on endomysial connective tissue . X 950.
P . M . ORKANU and E . A . KRAVITZ y-Aminobutyric Acid (GABA) Uptake effect on the migration of radioactive GABA (A of Fig . 1 ) . When GABA and aldehyde fixative were mixed, a series of new compounds was formed within 2 min (B of Fig . 1 ) . These compounds were not identified or characterized further, but the distribution of radioactive bands did not change significantly on prolonged incubation before electrophoresis . If protein and radioactive GABA were present when the aldehyde fixative was added, a new band appeared near the origin on the scans of radioactivity of the electrophoresis strips (C of Fig . 1 ) . This is where protein is found under these experimental conditions . Finally, if aldehyde fixative and GABA 3H
were preincubated for 2-10 min before adding protein, the radioactive band at the origin was not found (D of Fig . 1 ) .
Light Microscope Radioautography
Radioautograms of GABA-3H-treated muscles that had been fixed in mixtures containing glutaraldehyde showed dense accumulations of developed silver grains over connective tissue cell 80 elements (Figs . 2-4) . Endomysial fibroblasts were labeled over their nuclei and perinuclear cytoplasm, but grains also lay on connective tissue some distance from cell nuclei (Figs . 2 and 3 ) . Whether these were on extracellular fibers (collagen) or on thin sheets of cytoplasm could not be determined at these magnifications . Round, granulated cells found in the extracellular spaces also accumulated label .
Bundles of axons were frequently seen in the connective tissue stroma of the muscle . Although their dense endoneurial connective tissue wrappings were heavily labeled, and silver grains often immediately abutted the periphery of axons (presumably on Schwann cells), the axons themselves were conspicuously devoid of label (Fig . 4) .
The muscle cells themselves were lightly labeled (Figs . 2 and 3) ; neuromuscular junctions could not be recognized at these magnifications .
A wide variety of experimental variables was introduced : incubation with low (7 X 10-7 M) or high (5 X 10-4 M) concentrations of GABA 3H, short (1 hr) or long (7 hr) incubation periods ; short (20 min) or long (12 hr) wash periods ; FIGURE 4 Light microscope radioautogram focused on silver grains above intermuscular axons . Endoneurial connective tissue is densely labeled . Silver grains also line the periphery of axons, presumably on Schwann cells . Axons (arrows) are not labeled . X 950 .
THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 fixation with buffered glutaraldehyde, alone or Preliminary control studies of unfixed, frozenmixed with paraformaldehyde or acrolein for 2 dried sections of radioactive preparations were hr or overnight ; postfixation with OsO 4 or not . also performed . While the sections were often lost or In all cases, precisely the same distribution of badly damaged during development of the emulradioactivity was observed in the radioautograms .
sions, we were able to see that the label encircled FIGURE 5 Electron microscope radioautogram of transversely sectioned lobster muscle . Silver grains are on connective tissue cell cytoplasm lying between two muscle cells . X 12,500 .
P . M . ORKAND and E . A. KRAVITZ y-Aminobutyric Acid (GABA) Uptake 8 1 the muscle fibers ; i .e ., at the location of endomysial connective tissue .
Electron Microscope Radioautography
Electron microscope radioautograms confirmed the light microscope finding that label was concentrated in connective tissue . Furthermore, the higher resolution of the method revealed that developed silver grains most often lay over nuclei and cytoplasm of cells, including the long, thin sheets or finger-like extensions of cytoplasm characteristic of fibroblasts . The extracellular fibrous component (collagen) was rarely labeled (Figs .  5-7) .
Lobster muscle fibers have deep clefts or infoldings of the cell membrane running longitudinally along the fiber . There are from two to about 82 THE JOURNAL OF CELL BIOLOGY . VOLUME 49, 1971 five clefts around the circumference of any one fiber. These clefts are wide enough (up to 2y) to contain connective tissue elements and neuromuscular junctions . Processes of fibroblasts within these clefts also accumulated labeled GABA (Fig .  6 ) .
In the electron microscope radioautograms, relatively few developed silver grains were found over muscle . No generalizations could be made about their distribution relative to the striation pattern .
The connective tissue accompanying axons in their intermuscular course was, again, heavily labeled (Fig . 8 a) . The cytoplasm of Schwann cells immediately surrounding axons also contained GABA 3H in amounts similar to those in fibroblasts in the endoneurium (Fig . 8 b) . Silver grains were very rarely found lying over axoplasm . Although lobster muscle fibers are multiply innervated by both excitatory and inhibitory axons in the muscle that was used, neuromuscular junctions were almost impossible to recognize by ordinary light microscopy and extremely difficult to find in the electron microscope . They were usually small and widely separated, making chance observations rare . In our hands the addition of radioautographic treatment also reduced the usable material . Nevertheless, five nerve terminals were found . In three of these all of the synaptic vesicles were circular in profile, indicating a probable spherical shape (Figs . 10 and 11 ) . Two axon terminals had vesicles that were sometimes circular but more often elliptical or irregular in shape (e .g . Fig . 9 ) . Densely stained particles which resembled glycogen (Revel et al . 1960) were frequent inclusions in both types of axon terminals . Although these particles were commonly found in connective tissue cells and muscle fibers, there were sometimes especially dense conglomerates in axons near their synapses (Fig . 9) .
The Schwann cell cytoplasm overlying neuromuscular junctions and the connective tissue cells outside them were labeled . Sometimes muscle cell cytoplasm beneath the axon terminals also contained label . In most electron micrographs, no grains were seen over the axoplasm of synapses with either spherical or elliptical vesicles (Figs . 9 and 10) . However, in two sections label appeared on axon terminals . One of these contained spherical (Fig . 11) , the other elliptical, vesicles . Since the number of radioautograms with synapses was small, it was not feasible to determine whether P . M . OnKAND and E . A . KRAVITZ y-Aminobutyric Acid (GABA) Uptake 
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THE JOURNAL OF CELL BIOLOGY ß VOLUME 49, 1971 FIGURE 9 Electron microscope radioautogram of lobster neuromuscular junction . This axon terminal contains large amounts of glycogen-like particles including a dense accumulation of particles of smaller size . Ellipsoid synaptic vesicles are indicated by the arrow . The axoplasm is not labeled, but silver grains lie on Schwann and connective tissue cell cytoplasm . X 22,500 . of tissues . Sisken and Roberts (1964) , using frozendried whole-mounts of crayfish stretch receptor preparations, observed label in the region of the neuron where inhibitory axons were thought to terminate, but the resolution of this method was not sufficient for precise localization . Iversen and Kravitz (1968) found that the distribution of radioactive GABA taken up by lobster nervemuscle preparations was similar to the distribution of endogenous GABA measured by enzyme assay .
More recently, Morin and Atwood (1969) have shown that crab muscles with a dense inhibitory innervation concentrate more GABA than those with a less dense innervation . Finally, in studies in the vertebrate central nervous system, Neal and Iversen (1969) have shown that radioactive GABA concentrated by rat cortex is found in the synaptosome fraction with a distribution comparable to endogenous GABA .
These studies suggest the possibility that GABA uptake might be into presynaptic inhibitory nerve terminals in a manner analogous to uptake for catecholamines. If this were so, the localization of the uptake site would be a useful marker for the terminals of neurons using GABA as a transmitter compound . This could give more direct evidence concerning the alleged relationship between vesicle shape, whether spherical or elliptical, and transmitter content (Uchizono, 1967) . Accordingly, we were disappointed that the surrounding Schwann and connective tissue cells were the principal sites of localization of silver grains .
Between 25 and 30% of the radioactive GABA initially in the preparation was bound to the tissue by aldehyde fixation. It was possible that the silver grains we saw were due to isotope that had moved to the observed sites during fixation, or that the other 70 0 /o of the radioactive material selectively washed out of muscle and nerve cells . The control experiments suggest that the latter explanations were not correct. First, silver grains were seen over the cytoplasm of connective tissue cells and not over extracellular collagen . For GABA to have moved to these sites would have necessitated crossing cell membranes during fixation (when presumably transport was inactivated), and would require the presence of substances with a high affinity for binding GABA with fixation only in Schwann and connective tissue cells . When radioactive GABA was added to the medium immediately after fixation of nonradioactive tissue, very few counts were bound . This makes the possibility of some efficient trapping mechanism for radioactivity in the tissue less likely .
The experiments on the kinetics of binding of GABA to the protein by fixative suggest that, for binding, it is necessary for protein and amino acid to be together at the time of fixation. GABA is very rapidly converted to new compounds upon the addition of fixative . These compounds were not characterized or identified in these studies . Within 2 min after the compounds are formed (the shortest time we worked with), very little radioactivity is bound to protein. This suggests that at least two competing mechanisms take place when fixative is added to mixtures of amino acid and protein : one is the binding of amino acid to protein ; the other is the formation of new soluble compounds that can no longer bind to protein . We feel that this latter reaction accounts for the 70% of the radioactive material that washes out of the tissue, and that unless amino acid is bound to protein or other substances close to its intracellular location, it can no longer bind . Still a further suggestion that our observations are correct is the preliminary study of frozen-dried, unfixed tissue . Under these conditions the localization was similar to that observed in the fixed material . These preliminary studies must be expanded, but we have sufficient material to feel secure in the conclusion that the principal sites of uptake are in the surrounding cell types .
We are less secure in regard to the question of whether connective tissue and Schwann cells are the only sites of uptake . Occasional silver grains have been seen on muscle fibers and over nerve terminals . Without proper statistical examination of many samples, we cannot state whether the few grains seen represent radioactive GABA taken into the preparation . The scarcity of nerve terminals makes further studies with other preparations essential to provide a firm answer in this regard .
Uptake as an Inactivation Mechanism for the Inhibitory Transmitter Compound
In cholinergic synaptic regions, transmitter action is terminated by hydrolysis of the transmitter by acetylcholinesterase (see Katz, 1966) . One of the reaction products, choline, is partially transported back into the nerve terminals . During periods of high frequency stimulation, choline uptake plays an important role in replenishing released acetylcholine (Birks and MacIntosh, 1961 ; Potter, 1970 ; Macintosh and Collier, 1969) .
At noradrenergic synapses there are two distinct uptake processes for noradrenaline . The first (uptake 1) is into noradrenergic nerve terminals (Hertting and Axelrod, 1961) , while the second (uptake 2) is into surrounding cell types (e .g . Gillespie et al ., 1970) . The two mechanisms are distinct, having different K m 's, and are inhibited by different drugs (Iversen, 1967) . Pharmacological studies provide strong support for the suggestion that uptake 1 is involved in the inactivation of noradrenaline in certain tissues . The role of uptake 2 is still questionable .
There is no direct enzymic destruction of GABA P. M. ORKAND and E . A. KRAVITZ -y-Aminobutyric Acid (GABA) Uptake to serve as a transmitter inactivation mechanism in lobster nerve-muscle preparations . The principal fate of exogenous GABA is to be taken into tissues by a transport mechanism and to be slowly metabolized . A kinetic examination of the uptake of GABA yields a curve with only one component, in contrast to the two components of the curve of noradrenaline uptake . Since the principal site of uptake is into Schwann and connective tissue cells, the process is analogous to uptake 2 of noradrenergic synapses .
The anatomical studies provide little evidence, one way or the other, regarding the possible role of uptake in transmitter inactivation . The tissues that are the principal sites of GABA transport surround synapses, so that they could serve to remove released GABA . To demonstrate a possible inactivation role of uptake it will be necessary to find a drug that inhibits uptake without a direct physiological effect of its own, and to show that this compound potentiates the effect of inhibitory nerve stimulation . GABA uptake into surrounding tissues could also serve to protect nerve-muscle preparations from GABA that might accumulate in blood .
